Abstract Aims/hypothesis: We compared metabolic gene expression in adipose tissue and skeletal muscle from patients with type 2 diabetes and from well-matched healthy control subjects. We hypothesised that gene expression would be discordantly regulated when comparing the two groups. Our secondary aim was to determine the effect of Interleukin-6 (IL6) infusion on circulating adipokines and on gene expression in human adipose tissue. To do this we used real-time RT-PCR. Methods: Both diabetic and control subjects underwent basal skeletal muscle and subcutaneous adipose tissue biopsies. A subset of these individuals underwent a 3-h infusion of recombinant human IL6 and had adipose tissue samples taken before and after infusion.
gene expression in human adipose tissue. To do this we used real-time RT-PCR. Methods: Both diabetic and control subjects underwent basal skeletal muscle and subcutaneous adipose tissue biopsies. A subset of these individuals underwent a 3-h infusion of recombinant human IL6 and had adipose tissue samples taken before and after infusion. Results: The mRNA gene expression of suppressor of cytokine signalling (SOCS) 3, peroxisome proliferative activated receptor (PPAR) alpha/delta, PPAR gamma, coactivator 1, alpha (PPARGC1A), carnitine palmitoyltransferase 1B and solute carrier family 2 (facilitated glucose transporter), member 4 (formerly known as glucose transporter 4/GLUT4), was higher in adipose tissue, but lower in skeletal muscle of diabetic patients than in that of control subjects. In addition, uncoupling protein 1 (UCP1) gene was detected in the adipose tissue of some of the diabetic patients, but not in the control subjects. The following genes were increased by infusion of recombinant human IL6 in both groups: SOCS1/3, resistin, adiponectin, AMP-activated protein kinase-alpha-1 and PPARA. Plasma tumour necrosis factor alpha, adiponectin and resistin were all unaffected by IL6 infusion, but plasma resistin was lower in the diabetic subjects than in control subjects. Conclusions/interpretation: The observation that PPARG-C1A and the PPARs were upregulated in the adipose tissue of type 2 diabetic patients, along with the finding that adipose tissue from some patients with type 2 diabetes can express UCP1 mRNA, suggests that in these patients white adipose tissue may move towards a brown adipose tissue phenotype.
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Introduction
Skeletal muscle and adipose tissue are two of the most important metabolic tissues but they regulate metabolism differently. Adipocytes are a sink for fatty acids, whereas skeletal muscle primarily oxidises fatty acids. Drugs such as the thiazolidinediones can act by increasing fatty acid storage in adipose tissue while concomitantly reducing fat storage in skeletal muscle [1] . Skeletal muscle transports quantitatively more glucose for storage and oxidation than other tissues [2] . It is also well established that patients with type 2 diabetes have coordinated downregulation of genes that regulate metabolism, in particular those associated with oxidative phosphorylation in skeletal muscle [3, 4] . It is likely that this coordinated downregulation of metabolic gene expression is primarily the result of inactivity but it may also be influenced by nutrient excess and/or genetics [3] . When compared with skeletal muscle gene expression, there is little research into the effect of type 2 diabetes on gene expression in adipose tissue. Protection from insulin resistance induced by knockout of the adipocyte protein perilipin shows that adipocytes tend to upregulate oxidative pathways [5] in a similar fashion to human skeletal muscle [3, 4] . Few studies have examined the regulation of genes in adipose tissue and muscle from patients with type 2 diabetes. Genes associated with insulin action, such as hexokinase 2, phosphoinositide-3-kinase regulatory subunit 1 and sterol regulatory element binding transcription factor 1 c (SREBF1C), are coordinately downregulated in insulin-stimulated muscle and adipose tissue from patients with type 2 diabetes compared with that from control subjects [6] . Surprisingly, no studies have examined the expression of genes that are important in the control of metabolism in both muscle and adipose tissue in patients with type 2 diabetes compared with healthy control subjects. On the one hand, it may be expected that the metabolic gene expression profile would be coordinated when comparing gene expression in adipose tissue with that in skeletal muscle because factors that influence metabolism often circulate and act via transmembrane receptors to activate key transcription factors such as the peroxisome proliferative activated receptor-γ (PPARG), which is a target for insulin-sensitising therapies [7] . On the other hand, muscle contraction can initiate gene transcription within the cell as a result of factors such as elevated cytosolic calcium levels, factors that would have no effect on adipocyte gene transcription [8] and that lead to discordant gene expression when comparing the two tissue types. Indeed, in a recent study, mRNA gene expression of suppressor of cytokine signalling (SOCS) 3 was found to be discordantly regulated; it was reduced in skeletal muscle but increased in adipose tissue when comparing obese with lean subjects [9] . Since therapeutics for insulin resistance are now being developed in a tissue-specific manner [10] , it is important to compare metabolic gene expression in insulin-sensitive tissue from patients with type 2 diabetes. Hence, this was the first aim of this study and we hypothesised that metabolic gene expression would be discordantly regulated in adipose tissue and skeletal muscle from patients with type 2 diabetes compared with those from healthy controls.
The effect of the cytokine IL6 on the aetiology of insulin sensitivity is the subject of debate. We recently showed that infusion of IL6 into patients with type 2 diabetes normalised insulin levels without affecting glucose clearance [11] , raising the possibility that acute IL6 infusion may augment insulin sensitivity. In support of this notion, Weigert et al. [12, 13] recently demonstrated that insulin signalling and glycogen synthesis were increased by IL6 administration in L6 myotubes, while whole-body IL6 knockout renders mice obese and glucose intolerant [14] . In contrast, IL6 treatment impairs liver insulin signalling [15] and leads to impaired insulin action during an insulin tolerance test [16] and a euglycaemic-hyperinsulinaemic clamp [17] in mice. Although the literature is controversial, the common perception is that IL6 is an 'adipokine' that is elevated in obesity to impair insulin action [7] even though IL6 bears no relation to insulin action during a hyperinsulinaemiceuglycaemic clamp in humans [18] . To better understand the acute effects of IL6 on metabolism, a secondary aim of this study was to determine the effect of IL6 infusion on circulating adipokines and on gene expression in human adipose tissue.
Subjects and methods

Subjects
Tissue biopsies and fasting blood samples were obtained from 13 Fredriksberg Communities, Denmark, and were performed according to the 'Declaration of Helsinki'. The categorisation of patients to the diabetes group was determined by a fasting blood glucose concentration >7.0 mmol/l, and >11.1 mmol/l following an oral glucose tolerance test, which is in accordance with the WHO 1999 criteria. None of the patients received insulin treatment, nor were any of them taking oral hypoglycaemic agents or any other medication known to alter carbohydrate metabolism. Subjects were informed of the possible risks and discomfort involved before giving their written consent to participate. The patients with type 2 diabetes had a mean time of 4±1 years since diagnosis (range 6 months to 10 years), and did not partake in any regular physical exercise. Other than diabetes, none of the subjects had any significant medical problems and all were non-smokers. Subjects were instructed to abstain from any form of vigorous physical activity for 36 h prior to an experiment (described subsequently), and to maintain their normal diet.
Experimental procedure
The subjects reported to the laboratory following a 12-14 h overnight fast and underwent muscle and fat biopsies. Under local anaesthesia (lidocaine), a subcutaneous adipose tissue sample was obtained from an incision made ∼4 cm lateral to the umbilicus and a muscle biopsy was obtained from the vastus lateralis from an incision made 4 cm proximal from the lateral epicondyle of the femur [18, 19] ) visited the laboratory on two occasions, separated by 7-14 days. On one occasion, subjects were infused with recombinant human (rh) IL6, and on another occasion they were infused with isotonic saline. Pilot work and data from previous studies [11] demonstrated that IL6 delivered in 2% human albumin at a rate of 7 μg/h would result in a concentration of ∼140 pg/ml, which is seen during strenuous exercise. This dose was administered to all subjects during IL6 treatment. Subjects were randomly assigned and blinded to either the saline or the rhIL6 treatment, which was delivered via a peristaltic pump at a flow rate of 15 ml/h into an antecubital vein. IL6 or saline was infused for a period of 180 min and adipose tissue and venous blood samples were obtained before, immediately following and 2 h after the end of the infusion.
To determine the effect of IL6 infusion on circulating adipokines, ELISA was used to measure plasma levels of IL6, TNF, adiponectin (ADIPOQ) and resistin (RETN) [20, 21] . Fasting blood samples were also analysed for glucose, insulin and NEFA as previously described [11] .
Candidate gene analysis using real-time RT-PCR A portion of adipose tissue (50-75 mg) or skeletal muscle (20-30 mg) was extracted for total RNA using the modified acid guanidinium thiocyanate-phenolchloroform extraction of Chomczynski and Sacchi [22] . Samples were reverse transcribed using Taqman reverse transcription reagents (Applied Biosystems, Foster City, CA, USA) at a final concentration of 10 ng/μl. In the present study, we used a candidate gene approach and, therefore, we could not examine all the genes associated with metabolism. Accordingly, we chose to study the mRNA expression of genes that have been implicated in the aetiology of type 2 diabetes and the mRNA expression of genes encoding key secretory adipokines. We acknowledge that some key genes may have been missed using this approach. Nonetheless, we examined a relatively wide array of genes. PCR were completed with individual reactions of 5-10 μg total RNA, 1× BioRad iQ Supermix (BioRad, Hercules, CA, USA), 50-200 nM Taqman fluorescent probe (Applied Biosystems) and 300-900 nM PCR primers (Sigma Genosys, Castle Hill, NSW, Australia) in a total volume of 25 μl using a Bio-Rad iCycler (Bio Rad). Primers and Taqman probes were designed using Primer Express software (Applied Biosystems) to appropriate specifications for all genes except those encoding uncoupling protein 1 (UCP1) and ADIPOQ. For these two genes probe/primer kits were purchased from Applied Biosystems (TaqMan Gene Expression Assays; UCP1 Assay ID: Hs0022453_m1, GenBank NM 021833, ADI-POQ Assay ID: Hs00605917_m1, GenBank NM004797). Probes were designed with the 6-carboxyfluorescein reporter dye on the 5′ end and 6-carboxytetramethylrhodamine quencher dye to the 3′ end. The primer and probe sequences are listed in a table published as Electronic Supplementary Material (ESM, ESM Table 1 ). 18S mRNA was quantified using predeveloped reagents (Applied Biosystems) in the same reaction as the gene of interest for use as a constitutively expressed 'house-keeping' gene. To limit the possibility of nonspecific amplification of each gene, we designed the nucleic acid sequences to span an exon-exon junction when possible to limit the possibility of genomic DNA contamination.
We quantified gene expression using a multiplex comparative critical threshold (C T ) method (iCycler iQ; Bio-Rad, Hercules, CA) as previously described [23] . A C T value reflects the cycle number at which DNA amplification is first detected. This method detected our reference gene (18S) and the gene of interest in a single tube, where the primers for 18S were limited to ensure that adequate amounts of reagents were present for the amplification of both genes. It was possible to detect 18S in the same tube as our genes of interest because the reporter dyes attached to the TaqMan probes fluoresce at different emission wavelength maxima. In preliminary experiments, we determined the relative efficiency of amplification of 18S versus the genes of interest. These experiments revealed approximately equal efficiencies of the amplification of 18S and the genes of interest over different starting template concentrations. We also performed experiments to demonstrate that multiplex versus nonmultiplex experiments had no effect on C T values, and that primer-limited multiplex 18S versus nonprimer-limited, nonmultiplex 18S reactions also had no effect on C T values. Finally, we have determined the linear dynamic range for starting template concentrations.
For each sample, a ΔC T value was obtained by subtracting 18S C T values from the C T of the gene of interest. To determine the basal mRNA expression when comparing groups, we used the value taken in control subjects as the control. Hence, a ΔC T value was obtained for each of the control subjects and averaged. This value was subtracted from the ΔC T value for each diabetic subject to derive a Δ-ΔC T value. The expression of each gene was then evaluated by 2 −Δ-ΔC T . Because the ΔC T value for each non-diabetic subject was 0, the 2 −Δ-ΔC T for this group was designated 1.
To determine the effect of IL6 infusion on the mRNA expression in each group, a ΔC T value was obtained by subtracting 18S C T values from each gene of interest, using the preinfusion value as the control. Preinfusion values for each subject were subtracted from the other samples for each subject to derive a 2 −Δ-ΔC T value. The expression was then evaluated by 2 −Δ-ΔC T , with all preinfusion values for each subject being 1.
Statistical analyses
All data are presented as mean±SEM. Group physical characteristics were analysed using a one-way analysis of variance (ANOVA). Newman-Kuel's post-hoc tests were used where significant differences from ANOVA were revealed. Significance was accepted as p<0.05. All statistics were completed using Statistica software for windows (StatSoft, version 5.1, 1997, Statistica, Tulsa, OK, USA).
Results
The mRNA expression of metabolic genes is discordantly expressed in adipose tissue and skeletal muscle of patients with type 2 diabetes A comparison between the expression of selected genes in skeletal muscle and adipose tissue that are involved in the regulation of metabolism in these tissues is shown in Fig. 1 . The expression of a number of genes was altered in patients with type 2 diabetes. In adipose tissue, the expression of SOCS3, peroxisome proliferator activated receptor-α (PPARA), peroxisome proliferator activated receptor-δ (PPARD), the gene encoding PPAR gamma coactivator 1 alpha (PPARGC1A) and carnitine palmitoyl transferase 1 (muscle isoform, CPT1B) was increased in diabetic subjects compared with controls, whereas expression of pyruvate dehydrogenase kinase 4 (PDK4) and uncoupling protein (UCP3) was reduced (p<0.05). In skeletal muscle IL6 and PDK4 were elevated in patients, whereas SOCS3, PPARA, PPARD, SLC2A4, CPT1B, fatty acid translocase (FAT/CD36), PPARGC1A, SOCS1, SREBF1A and SREBF1C were significantly reduced in diabetic patients compared with controls (p<0.05). As the expression of PPARA, PPARD, PPARGC1A and CPT1B was increased in the adipose tissue of diabetic subjects compared with controls, we hypothesised that human adipose tissue from patients with diabetes may be adopting a brown adipose tissue genotype because it has been shown that cultured human adipose tissue can express 'brown fat cell features' when transfected with PPARGC1A [24] . Accordingly, we examined our adipose tissue and muscle cDNA samples for UCP1 mRNA expression. As expected, we did not detect UCP1 in any muscle samples or in any adipose samples from control subjects. However, in ∼66% of patients with diabetes, we detected UCP1 mRNA expression in their adipose tissue, although no correlation was observed .. PPARD  TNF  RETN  ADIPOQ  CPT1B  FAT/CD36  UCP3  PDK4  SOCS3  PRKAA1  PRKAA2  SREBF1A  SREBF1C  SOCS1  INSIG1  PPARGCA1A  IL6 SLC2A4 Fig. 1 between PPARGC1A and UCP1 expression, possibly because not all the patients expressed UCP1. Since we used the C T method to express the data (described in detail above), it was not possible to quantify the UCP1 mRNA values in the patients who expressed this in their adipose tissue. However, the ΔC T for the patients who expressed UCP1 in their adipose tissue averaged 25.7±0.6 and ranged from 22 to 27, indicating that the level of expression between these patients was broad.
Plasma adipokines are not affected by IL6 infusion but circulating resistin is lower in patients with type 2 diabetes Circulating concentrations of cytokines are shown in Table 1 . Concentrations of IL6 were not different between the control and diabetic subjects at any time points, but IL6 concentrations increased (p<0.01) in both groups as a result of IL6 infusion, and also during saline infusion (p<0.05).
Although the concentrations attained as a result of infusion were higher than predicted (∼200 versus ∼140 pg/ml), subjects were not aware of the treatments, did not feel any ill effects of rhIL6 infusion and did not exhibit any increase in body temperature or heart rate compared with vehicle infusion (data not shown). Neither plasma TNF-α nor ADIPOQ was different when comparing diabetic patients with control subjects, nor were plasma concentrations of these cytokines affected by infusion. In contrast, while plasma resistin was unaffected by IL6 treatment, circulating levels were lower (p<0.01) in diabetic patients compared with control subjects (Table 1) .
IL6 infusion increases adipose tissue expression of metabolic genes
Using real-time RT-PCR, none of the measured metabolic genes in adipose tissue responded differently to IL6 infusion in the diabetic patients compared with the control subjects. As a result the data presented in Fig. 2 represent pooled data from both populations. SOCS1 and SOCS3 mRNA expression were markedly increased by IL6 infusion. This was expected because the genes encoding SOCS proteins are activated by signal transducer and activator of transcription 1 and 3 proteins, which are phosphorylated via activation of the IL6R/gp130 receptor complex (for review see [25] ). Immediately after infusion of IL6, RETN and AMP-activated protein kinase (PRKAA1) genes were elevated (p<0.05), while PPARG/ D, TNF, and ADIPOQ showed a tendency (p<0.15) to be elevated. Three hours after infusion, SOCS3 and PRKAA1 remained elevated, while PPARA and ADIPOQ were higher (p<0.05) compared with saline infusion.
Discussion
It is well known that genes that regulate metabolism and oxidative phosphorylation are coordinately downregulated in the skeletal muscle of patients with type 2 diabetes [3, 4] . Consistent with these previous studies, we show that the expression of PPARGC1A, PPARA, PPARD, FAT/CD36 and CPT1B, genes that encode key proteins in oxidative phosphorylation, was downregulated in skeletal muscle of patients with type 2 diabetes. However, somewhat surprisingly, the mRNA expression of these genes was coordinately upregulated in the adipose tissue from these patients. This finding, coupled with the fact that we detected UCP1 in the adipose tissue of most of the patient population, but in none of the control subjects, suggests that in type 2 diabetes the white adipose tissue may be adopting a brown adipose tissue phenotype. The observation that PPARGC1A mRNA was more than three-fold higher when comparing diabetic with control subjects was surprising because two previous studies have observed the opposite [26, 27] . However, given that we observed coordinate upregulation of metabolic genes and that these analyses were conducted concomitantly with the cDNA from the skeletal muscle samples, we are confident that our data accurately reflect mRNA expression in adipose tissue in vivo. To examine further the coordinate upregulation of metabolic genes in adipose tissue, we determined the level of expression of UCP1 in our samples. UCP1 is primarily expressed in brown adipose tissue and because brown adipose tissue disappears soon after birth in large mammals, the level of expression of UCP1 mRNA in white adipose tissue is extremely low if indeed present at all [28, UCP3  PDK4  SOCS3  PRKAA1  PRKAA2  SREBF1A  SREBF1C  SOCS1  INSIG1  PPARGCA1A   PPARG  PPARA  PPARD  TNF  RETN  ADIPOQ  CPT1B  FAT/CD36  UCP3  PDK4  SOCS3  PRKAA1  PRKAA2  SREBF1A  SREBF1C  SOCS1  INSIG1 represents a mechanism whereby increased utilisation of fat within white adipose tissue is an endogenous defence against progression of the disease. It should be noted, that the BMI for both the diabetic patients and the control group was ∼28 and, therefore, our subjects were overweight rather than obese. It is possible, therefore, that the pattern of gene expression in this subset of type 2 diabetics allowed them to be 'obesity resistant', such that fatty acids are oxidised, rather than stored, by the adipocyte. To further examine this possibility, we looked at the pattern of mRNA expression for both PPARGC1A and UCP1 in the adipose tissue of the diabetic subjects and performed correlations between level of expression (or detection for UCP1) and BMI. No significant correlations were observed in our patients, whose BMI ranged from 24 to 36. One interesting finding from the present study was the observation that circulating RETN levels were markedly lower in patients with type 2 diabetes ( Table 1 ). This observation seems anomalous because Lazar and colleagues [30, 31] have shown that the in vivo administration of recombinant RETN to mice causes insulin resistance, whereas administration of an anti-RETN antibody increased the insulin sensitivity of obese and insulin-resistant mice. Moreover, cultured adipocytes incubated with RETN are insulin resistant, a phenotype prevented by incubating cells with an anti-RETN antibody. Despite these findings in animals and in cell culture, the data with respect to humans are the subject of controversy [32] . In agreement with some [33, 34] but not all [35] previous investigations, we observed no difference in RETN mRNA expression in adipose tissue between diabetic and control subjects. Recently, Ng et al. [36] demonstrated that in the newborn offspring of mothers with type 2 diabetes, plasma RETN was markedly reduced in those infants who displayed markedly elevated basal glucose and insulin. Our data are consistent with these recent data. It must be acknowledged that our data do not necessarily question the association of RETN with insulin resistance because a reduction in circulating RETN may be a mechanism to protect the patient against further insulin resistance. Recently, another adipose-tissue-derived cytokine, namely visfatin, was found to be elevated in obese humans but was also found to bind and activate the insulin receptor [37] . Together, these data suggest that the adipose tissue may have the capacity to upregulate the release of insulin-sensitising agents or conversely downregulate the secretion of factors that exacerbate insulin resistance.
The effect of IL6 infusion on mRNA expression levels had a minimal effect on gene expression, although it must be noted that the infusion period was limited to 180 min. Of note, none of the measured genes was reduced by IL6 infusion. There appeared to be no consistency in the regulation of metabolic gene expression by IL6 infusion. Genes encoding proteins that have been linked to insulin resistance such as SOCS1/3, RETN and TNF were upregulated by IL6 but, conversely, genes that encode proteins normally associated with enhanced insulin sensitivity, namely PRKAA1, PPARD and ADIPOQ, were also increased, making it difficult for conclusions to be drawn.
One limitation of our study was that we studied our subjects only in the fasted state and it would have been ideal to compare the gene expression in different tissues between different groups in both the fed and fasted states. Although the differences observed between the patient and control populations are likely to be the result of population differences, and not of the effect of fasting, we cannot rule out the possibility that the patient population responded to an overnight fast differently when compared with the control group. For example, the differences in fasting NEFA levels may have been blunted in the fed state, which could potentially have influenced the genes that encode proteins targeted by fatty acids, e.g. the PPARs.
In conclusion, we demonstrated that the genes that regulate oxidative phosphorylation are discordantly regulated in adipose tissue and skeletal muscle from patients with type 2 diabetes. The observation that PPARGC1A mRNA was approximately three-fold higher in the adipose tissue of diabetic patients than in that of healthy controls, coupled with the detection of UCP1 in the adipose tissue of most of the patients, whereas it was undetected in the healthy subjects, suggests that in type 2 diabetes the adipose tissue may be shifting toward a brown adipose tissue phenotype. We also conclude that, despite the association of the adipokine RETN with insulin resistance, plasma concentrations of RETN are markedly lower in patients with type 2 diabetes.
